Summary
The RECON project was carried out from October 2015 till September 2017 and was part of the INSITE programme wherein the INfluence of man-made Structures In the Ecosystem is being investigated.
The project "RECON: Reef effects of structures in the North Sea, islands or connections?" was initiated to investigate and model species patterns and inter-connectivity of reef communities on offshore structures in the North Sea.
The main research questions of the RECON project were:
1.
What is the species composition of marine growth on offshore structures such as wind farms and oil and gas platforms?
2.
To what extent is this composition explained by abiotic factors (e.g. depth, temperature, location, platforms age, marine growth, cleaning frequency, et cetera) and biotic factors (e.g.
food availability, proximity to marine growth on other offshore structures, distance to coastal populations, et cetera)?
3.
To what extent are the communities on the structures isolated from or connected to each other and how is this explained by the factors noted earlier?
Species composition on offshore structures
These questions were addressed in RECON sub-projects. Using ROV inspection videos, a total of 38 species were identified on eight Dutch and nine Danish offshore gas platforms in the southern North Sea. A significant clustering of species communities was found based on geographical location. In addition, within each geographical region, a clustering was found based on depth range, with the intertidal, bottom and middle zones splitting off separately. Future research should focus on the influence of habitat complexity, substrate orientation and inter-specific relations on species assemblages on offshore platforms. In addition, it would be interesting to know if a similar geographical pattern could be identified for species communities on ship wrecks.
Samples of marine growth were analysed to create a complete overview of the species community of oil and gas platforms and were compared with communities from wind farms and rocky reefs. It appeared that in the Dutch part of the North Sea, species composition is different on artificial compared to natural reefs. Depth, location effect and habitat type influence the species composition most strongly. The number of observed species was 138 on platforms, 95 on the wind farm and 48 on the Borkum Reef Ground rocks. Although rocky substrates hold the most species rich communities, overall biodiversity is also strongly influenced by keystone species (Mytilus edulis, Psammechinus miliaris and Tubulariidae). Multivariate analysis showed a large overlap in communities on steel and rock, between different surface orientations and between the wind farm and platforms. There was limited overlap between communities on the relatively young rocks at the wind farm and natural reefs, while rocks around platforms and the natural reef showed more overlap. When artificial reefs are to be colonised by communities that are similar to natural reefs, their structures should resemble natural reefs as much as possible. Experiments wherein small-scale heterogeneity is introduced by changes to the surface of substrates, e.g. a coating with gravel and stones, are needed to verify this.
DNA barcoding and metabarcoding may in coming years develop in faster and cheaper alternatives for species identification. DNA metabarcoding couples the principles of barcoding with high-throughput parallel sequencing. In this case, species in an environmental sample can be identified by comparing obtained sequences to a standard reference library of sequences from known organisms. The RECON project aimed to further develop metabarcoding techniques for identification of species in mixed macrofauna samples taken on artificial structures in the North Sea. To attain this, samples were taken from 13 shipwrecks on a transect roughly along the Dutch coast. At each location, scuba divers recovered nets lost by fishermen from the shipwreck. Samples from salvaged nets were taken after each dive. In the lab, all fauna present on the sampled nets was collected and processed using molecular methods, where DNA was extracted, coding regions for genes CO1, 18s and 28s were amplified and thereafter sequenced. Results from the sequencing were delivered only recently before the writing of this report. Therefore no detailed description of the work and results could be provided in this report.
Connectivity between offshore structures
The stepping-stone effect on marine species has been suggested in recent papers. It describes the spread of epifaunal organisms via isolated structures as stepping stones to new areas which are too distant to reach in a single generation. With thousands of artificial hard substrate structures present in the North Sea, we hypothesise that most of these structures are directly or indirectly connected by water currents and that offshore energy installations in the North Sea act as a large interconnected reef for species with a relatively short pelagic larval stage. If they do, the population genetic structure should follow a pattern that can be predicted by particle tracking models (PTM; hydrodynamic distance). To test this, we analysed the population genetic structure of the mollusc Mytilus edulis, based on microsatellite markers, and tested whether hydrodynamic distance between the M. edulis sample locations explained the genetic variation and the number of migrations per generation between the populations. Larval transport by currents has probably contributed to the initial colonization of artificial hard substrates by M. edulis in the North Sea. However, present-day larval exchange is low and we found no support for ongoing connectivity among installations with water currents as vector. A large genomic influence of Mytilus galloprovincialis was found at the study sites. The modelled data showed a clear connectivity between locations, but this could not be validated using genetic data.
Additional research, adding in-between locations is recommended to unravel these patterns further.
The connectivity of the small tube dwelling crustacean Jassa herdmani was also studied. In contrast to M. edulis, it can be expected for J. herdmani to have more pronounced population structures. J.
herdmani has an offshore distribution, where it is bound to the natural hard-substrates bound to the seafloor. Its sedentary way of life and lack of a planktonic larval stage further reduces its ability to disperse over wider areas. The dataset produced covered 514 individuals from 17 locations, involving 42 unique haplotypes to assess connectivity. The results from the analysis show that J. herdmani is very differentiated in the North Sea. There is hardly any connectivity of the populations of Jassa amongst the different sampling locations detected in this study. Apparently, once J. herdmani has colonized the hard substratum, it develops a distinct population, enabled by its short life-cycle and limited dispersal capacity.
Recommendations
The results obtained in RECON should be used in future decisions on the installation of wind farms and decommissioning of oil and gas platforms. These installations harbour a high biodiversity and connect populations. Communities on scour protections are similar to natural reefs and therefore leaving in place these rocks and potentially other parts of installations should be considered in decommissioning decisions. Connectivity between installations depends on species' life cycles. Some of the connected species populations may be non-indigenous, others native. Depending on life cycles and species status (e.g. OSPAR protected or non-native), different leave-in-place options should be considered during decommissioning. These options should include leaving in place the foundations as they are, removing part of the foundations to depths with limited risk of non-indigenous colonisation, or full removal.
To enlarge the scientific base for these decisions, the following research should be carried out:
A) Increase the spatial distribution of locations to be investigated, using identical methods as applied in RECON;
B)
Include concrete substrate as a variable of influence on species composition; C) Continue the connectivity work using Mytilus edulis by adding in-between locations to the current datasets; D) Develop methods to attain samples from locations beyond diving depth, e.g. by a combination of remote sampling using ROVs and metabarcoding high numbers of samples. A number of studies were defined within the RECON project that contribute to the objectives of INSITE. First, community data from taxonomic species inventories were being collected to identify species communities in relation to the geographical location and depth of offshore structures. Second, a cost efficient method for inventory of communities on hard substrates was developed using state-ofthe-art DNA metabarcoding. Third, the genetic population structures of the mussel Mytilus edulis and crustacean Jassa herdmani, abundant invertebrates with different dispersal strategies, were analysed to investigate the connectivity of populations from different platforms. The data from this study and other available data were used to model the distribution of species on offshore structures and their inter-connectedness.
1.
What is the species composition of marine growth on offshore structures?
2.
To what extent is this composition explained by abiotic factors (e.g. depth, temperature, location, platforms age, marine growth cleaning frequency, et cetera) and biotic factors (e.g.
3.
In addition to analysing existing footage collected with remotely operated vehicles, we carried out fieldwork in a highly cost efficient manner, using fully equipped mobilized diving-vessels already present at offshore installations for regular inspection and maintenance work. ENGIE provided in kind co-funding by allowing our certified offshore diver-marine biologists to access their dive support vessels. This approach was implemented frequently and proved to be a highly successful, unique and cost-efficient method for field inventories of reef communities on offshore installations. Part of the work was financed with cooperation and co-funding from several companies. The work was carried out by junior and senior researchers under professorial supervision. 
Scientific background
The presence of hard substrate habitats is an important factor in determining the distribution of specific species in the North Sea (Zintzen and Massin 2010) . In the past, more hard substrate habitat in the North Sea was present than today. A comparison of old maps with the present day situation shows striking differences between past and present (Olsen 1883) . There used to be large oyster reefs Most previous studies on the biodiversity and connectivity of offshore structures focused on wind farms and ship wrecks. While wind farm foundations are structurally similar to oil and gas platforms, they are relatively young when compared to oil and gas platforms that age up to 40 years in the Dutch part of the North Sea. Shipwrecks can be significantly older than offshore platforms, but lack an intertidal zone so several species present on O&G platforms are missing from shipwrecks (J.W.P.
Coolen personal observation).
In the RECON project, the biodiversity and connectivity of platforms, ship wrecks, wind farms and navigational buoys, located in the southern part of the North Sea were investigated. Additional data were made available by industry and scientific partners. All contents of this report has been or will be published in scientific literature. All data generated within the RECON project will be made publicly available.
Reader's guide
In the following chapters, the separate studies that have been carried out within the RECON project are summarized and reference is made to their final products. The chapter on visual observations concerns an analysis of ROV-inspection footage to identify species assemblages on platforms at different geographical ranges and depth zones. The chapter on taxonomic identifications from field samples provides more detail on the biodiversity of fouling communities. The taxonomic identification led to the discovery of some new species for the area, and an additional chapter is devoted to these.
The chapter on metabarcoding contains a summary of the work carried out so far, for which results
were not available at the time of writing of this report. The next two chapters analyse the population genetics structure of two reef related species having different dispersal strategies. One chapter focuses on the blue mussel (Mytilus edulis), having pelagic larvae that disperse in the water column, and one chapter on a tube-dwelling amphipod (Jassa herdmani, scud) which produces its offspring in brood pouches. Finally, overall conclusions are drawn in relation to the research questions of the RECON project. Introduction. An essential ingredient to model inter-connectivity is community data from species inventories. ROV inspection videos that were made for the routinely inspection of the different substructures of 17 oil and gas platforms were analysed for this. Digital footage of these inspections was made available by Petrogas E&P LLC and Maersk Oil Denmark. The inventory performed provides species data on abundant and conspicuous taxonomic groups on a large amount of locations.
Figure 1. Overview of the North Sea showing locations of wrecks (black dots), oil and gas installations (blue dots) and wind farms (red dots
Approximately 3,720 and 8,520 minutes of footage were analysed for eight Dutch and nine Danish platforms, respectively ( Figure 2 ). This resulted in 5,632 species observations, representing 38 species. These observations covered a total estimated surface area of 2726 m2.
The study explored the abundance of hard substrate associated species among platforms at different geographical locations and over different depth ranges. A clustering of the hard substrate associated species community was hypothesized by geographic location of the platforms, related to differences in environmental conditions. In addition, clustering was expected based on depth range. Furthermore, differences in associated species community were expected between the steel-and concrete based platforms. Methods. Hierarchical cluster analysis was performed to identify species assemblages. As "sites" for clustering analysis, individual platforms and depth ranges (ranges of 5m each) were used.
Analysis of species assemblages associated with the different platforms resulted in the distinction of three geographical-depth clusters ( Figure 3 ): one cluster close to the Dutch shore line (southern shallow group), one cluster up north in and near the Danish EEZ in shallow waters (northern shallow group) and a cluster of northern platforms with depths >50 meter. 
NDMS scores of different taxa whereas grey polygons connect platforms based on different depth zones as in A).
Results and discussion. The northern geographical group had a higher total abundance of associated species (135) compared to the southern geographical group (72). Only two species were exclusively observed in the southern geographical group, whereas 13 species were exclusively observed in the northern geographical group. A total of 23 species was shared among geographical groups.
Species richness per platform ranged from 11 to 19 species. No significant differences in species richness were found between clusters, but platforms in the southern cluster had a lower mean abundance. Platforms Tyra EA and A12-CPP had the highest species richness (19 species). The concrete-dominated platform Halfweg was not an outlier in terms of species diversity, species richness and mean abundance of the associated community, when compared to the steel-dominated platforms. Conclusion & future research. Platforms in close proximity with similar environmental conditions also hold similar species communities. This similarity is furthermore related to depth. Future research should focus on the influence of habitat complexity, substrate orientation and inter-specific relations on species assemblages on offshore platforms. In addition, it would be interesting to know if a similar geographical pattern could be identified for species communities on ship wrecks.
2.2
Modelling species distribution patterns using samples taken on oil and gas platforms, wind farms and a natural reef. Results and discussion. The number of species was higher on oil and gas platforms than on the offshore wind farm PAWF, but the average richness per sample was almost identical. Since the number of species accumulates with increasing sample size, a predicted total species richness was assessed.
The predicted number of species on platforms (172) was 25% higher than the observed number, while for the natural reefs it was 54% higher (74) and for the wind farm it was almost identical (101). This indicates that Borkum Reef Ground (BRG) would need much more samples to find most species present.
The following species were each present in at least 50% of the samples: crustaceans Jassa herdmani,
Stenothoe monoculoides, and Pisidia longicornis, blue mussel Mytilus edulis, plumose anemone
Metridium dianthus, and hairy sea-mat (a moss-animal) Electra pilosa. Of these common steel species, M. dianthus and E. pilosa were also present in >50% of the samples of BRG rocks and rock dump around artificial structures, whereas J. herdmani and S. monoculoides were common on rock dump, but never observed in BRG rock samples. M. edulis was found in 27% of the rock dump samples, with only a single observation on the BRG rocks. P. longicornis was found in 41% of the rock dump samples but never on rocks of the BRG.
Figure 6. Sampling at the Borkum Reef Grounds (left, photo: Udo van Dongen) and at ENGIE platforms (right, photo: ENGIE).
The models showed that species richness was highest at intermediate depths ( figure 7 ). High species richness at the bottom around the installations was caused in part by the presence of rocks, which increase heterogeneity of the substrate and thereby stimulate species richness. Species composition was found to be different between artificial and natural reefs. Depth, location effect and habitat type influence the species composition most strongly. Although rocky substrates hold the most species-rich communities, biodiversity is also strongly influenced by Psammechinus miliaris, Mytilus edulis and Tubulariidae. No significant effect of age on species richness was found, but age did have a small but significant effect on the species composition. Within the artificially created substrates, rock dump around the steel platforms showed the highest resemblance to natural rocky reefs. Shallow steel parts of the structures were the most dissimilar to natural reefs. This can be explained by a lack of intertidal zone at the natural reefs and a similar habitat structure between natural and artificially placed rocks. Manuscript under review. Rare species may therefore be present on these structures but changes may remain undetected due to low efforts to collect and identify macrofauna samples.
3) van der Weide, B.E., Coolen, J.W.P. et al. (2017) First record of Syllis amica on a far offshore structure in the Netherlands [working title]. Manuscript in preparation.

4) van der Weide, B.E., Coolen, J.W.P. et al. (2017) Records of rare and new species of Caprellidae on artificial structures in the North Sea [working title]. Manuscript in preparation.
Introduction. Artificial structures in the
Methods. Within the RECON project an effort was made to inventory several offshore artificial structures, and several species rarely or never observed in the Netherlands were detected. These species were found in mixed macrofauna samples obtained with a surface airlift during marine growth sampling.
Results and discussion. On gas platform L15-A, situated 11 kilometres off the coast of the island of At platform L15-A two specimens of the scale worm Harmothoe aspera were observed. This polychaete species has been has been recorded in surveys from the Barents Sea to the Skagerrak, the Mediterranean Sea, the Strait of Georgia and the Japanese sea. The recorded depth ranged from circa 48 meters to 1500 meters. This is the first report of H. aspera in the Dutch part of the Norths Sea EZ in a depth range from 15 to 20 meters.
On a number of ship wrecks in the northern part of the Dutch part of the North Sea, two rarely reported species of Caprellidae were observed. Caprella tuberculata had earlier been reported by Van Moorsel et al. (2014) Methods. Samples were taken from 13 shipwrecks on a transect roughly from south west to north east along the Dutch coast, between 10 and 18 September 2016. At each location, scuba divers recovered nets lost by fishermen from the shipwreck. Samples were taken from to salvaged nets after each dive.
On each location, a sample from set net fishing nets and a sample from trawling fishing nets were taken. Samples were deposited in zip lock bags (220*280 mm) which were sealed, labelled and frozen in a household freezer (-20⁰C). After transportation, all samples were transferred to a -80⁰C freezer and kept there until processing.
Biomass was removed from the nets and grinded with an immersion blender to ensure a well-mixed sample. After grinding each sample, the blender was cleaned with pure ethanol, 70% ethanol and demineralized water. The mixed sample was centrifuged to collect dried material used for DNA extraction with the Mo Bio PowerSoil DNA Isolation Kit. In this analysis we used a single indexing approach for the Illumina MiSeq sequencing platform (figure 8). In the first PCR amplification round, three different barcoding regions were targeted. The first is a fragment located in the V4-section of the 18S region of the mitochondrial DNA. Primers for this region (TAReuk454FWD1 and TAReukREV3, developed by Stoeck et al., 2010) , amplify a fragment of 416 base pairs, and target all eukaryote organisms. The second barcoding region, targeting only the faunal groups, concerns a fragment of the cytochrome oxidase 1 gene (CO1). Primers for this region (mlCI1intF and jgHCO2198) were developed by Leray et al. (2015) and target a fragment of 313 base pairs. The third and last barcoding region targets the C2-D2 region from the ribosomal 28S gene. Primers for this region were designed by Erpenbeck et al., 2016 . All PCRs were carried out in a 25 µl reaction, using the OneTaq 2X Master Mix with Standard Buffer (NEB). PCR incubation protocols were designed per target-specific primer pair.
The second amplification round was included to add individual indices for sample recognition to the amplicons from each net sample. PCR reactions from the three different markers were pooled and carried out in a single 25 µl reaction. After the second amplification round, the samples were purified with Sera-Mag Magnetic Beads (GE Healthcare Life Sciences). After clean-up the DNA concentrations of the samples were measured using a Indexed samples were pooled at equimolar weight and sent out for 300 PE sequencing on the Illumina MiSeq platform at GATC BioTech.
The COI, 18s and 28s sequences were isolated from the 'raw' MiSeq run and analysed separately and as described here. The primer sequence were removed first from the reads, and reads that contained undetermined nucleotides were disregarded. Using functions available within the R package DADA (Callahan et al. 2016 ), read quality was examined, low quality tails were removed and forward and reverse reads were merged taking the quality of the read into account. For this purpose, the error rates were determined first on a subset of the data. After removal of chimera sequences the resulting unique sequences were blasted against NCBI nucleotide database using BLAST ® and the top 25 best hits were stored for further analyses. The species name that belong to the hit was looked up in the taxonomy database using the taxonomic identification number. A species was only assigned to an unique sequence when the resulting NCBI hits had an identity of 99% or higher and a sequence length of at least 310 bp (18s) and 120 bp (28s). Unique sequences were only identified to the species-level when there were no other species present in a sub selection of the NCBI results that met a slightly more relaxed selection criteria (98-100 identify and 95-100% of sequence length best hit). When more species but just one genus was present in this sub selection, the identification stopped at the genus level. When several genus were present in the sub selection the unique sequences remained a not identified taxonomic unit. When the number of reads exceeded 0.01% of the total reads (between 1-18 reads in this data set), a species was considered present.
Results. Results from the sequencing were delivered only recently before the writing of this report.
Therefore no detailed description of the work and results could be provided in this report.
2.5
Assessing installation connectivity with particle tracking models and population genetics of Mytilus edulis Introduction. Man-made installations in open seas and oceans are increasingly abundant. They include wrecks, buoys, oil and gas platforms and wind turbines and form an artificial type of hard substrate for marine organisms (figure 9). Particularly in regions where natural hard substrates are rare, they may have strong impacts on biological communities. They may form connections between hitherto unconnected habitats. We studied the possible role of man-made installations in the North Sea in facilitating genetic connectivity for the blue mussel Mytilus edulis.
Methods. Seven microsatellite markers and the locus Me1516 were genotyped for 1178 blue mussels Mytilus spp. sampled from 25 locations in the North Sea plus two reference locations (figure 9). Strong introgression was seen in the data. Many mussels growing on the sampled installations were found to be hybrids between Mytilus edulis and M. galloprovincialis. Many mussels, however, had a pure M. edulis genome while no pure M. galloprovincialis genomes were found. Only pure M. edulis were used for subsequent analyses (N = 579).
Pairwise genetic distance (FST) were calculated as measure of pairwise genetic distances. Coalescent simulations were run to estimate pairwise migration rates (Sethuraman and Hey 2016) . Pairwise shortest distances through water in kilometres were determined. Hydrographical model Delft3D was run to predict particle transport among installations (Erftemeijer et al. 2009 ). The number of arriving particles from a source was used as pairwise distance. Results and discussion. If pelagic larvae migrate among the installations on the water currents, we expect distance to correlate with genetics: particle transport matrix correlated with pairwise FST matrix (Mantel coefficient= 0.19, P = 0.012). However, no correlation between particle transport matrix and migration rates from coalescent modelling was found (Mantel test, P = 0.132). This may be caused by the large number of zero connection between the locations, which likely resulted from an average distance between locations being larger than the average distance travelled by larvae.
Larval transport by currents has probably contributed to the initial colonization of artificial hard substrates by Mytilus edulis in the North Sea. However, present-day larval exchange is low and we found no support for ongoing connectivity among installations with water currents as vector.
Future research. Future research should decrease the distance between populations, to decrease the number of population combinations with zero connectivity in the modelled particle data. Furthermore, analysis of long term patterns in the particle tracking models could increase the understanding of the patterns observed in the current study.
2.6
Population genetics of Jassa herdmani on artificial structures in the southern North Sea The genetic composition of Jassa herdmani at the 17 sampling locations was significantly different (Table 1 ). The overall FST (a measure for population differentiation which theoretically ranges from 0 at no differentiation to 1 at complete differentiation) was 0.15921 and significantly larger than zero (P < 0.000001). This differentiation is not only found at the overall level but also in the majority of pairwise comparisons (see also figure 10 ); of all 136 pairwise comparisons only 24 were not significantly differentiated at the P < 0.05 level. The locations that are most likely to be connected to other locations in terms of Jassa herdmani migration are the shipwreck 'Vinca Gorthon', 'Rode poon', 'E22' and 'Elatma'.
These results show that the populations of Jassa herdmani are very differentiated in the North Sea.
There is hardly any connectivity of the populations of Jassa amongst the different sampling locations detected in this study. Apparently, once J. herdmani has colonized the hard substratum, it develops a distinct population, enabled by its short life-cycle and limited dispersal capacity.
Discussion
The broader INSITE programme of research aimed to help establish the following:
A) The magnitude of the effects of man-made structures compared to the spatial and temporal variability of the North Sea ecosystem, considered on different time and space scales; and B) To what extent, if any, the man-made structures in the North Sea represent a large interconnected hard substrate system.
To gain insight in these aims, the main research questions of the RECON project were:
1. What is the species composition of marine growth on offshore structures?
2. To what extent is this composition explained by abiotic factors (e.g. depth, temperature, location, platforms age, marine growth cleaning frequency, et cetera) and biotic factors (e.g. food availability, proximity to marine growth on other offshore structures, distance to coastal populations, et cetera)?
3. To what extent are the communities on the structures isolated from or connected to each other and how is this explained by the factors noted earlier?
The species composition of marine growth on offshore structures is clearly very rich. During the course of the RECON project, over 200 hard substrate associated species were observed on the studied platforms, wind farms, wrecks and buoys.
Species composition
The composition and richness patterns on studied artificial structures are strongly influenced by geographic location, depth, and substrate type. In addition, a set of keystone species has a significant impact on other species in the community. Installations in similar hydrodynamic regions show a higher similarity when compared to objects in other regions. Furthermore, communities at similar depth and attached to similar substrates (e.g. rocks of steel) are alike. Some variables could not be assessed yet. For some variables the number of locations and therefore the variation in the explanatory variables was limiting, while for others the limited number of samples available for unravelling the relations with statistical models was the bottle neck. In general, detecting changes in species composition when various influences are present, is challenging. For a complete inventory of North Sea platforms, further monitoring of additional locations outside the current region is advised. Special attention should be payed to differences between steel and concrete foundations in comparison to natural reefs from other parts of the North Sea.
Connectivity
The connectivity analysis showed that connectivity depends on the species studied. While patterns in
mussel Mytilus edulis population genetics shows connectivity with one method (not with a second method), analysis of this phenomena using Jassa herdmani samples did not. Challenges in the mussel study were likely caused by the large average distance between the studied populations. To test this, additional locations between the currently studied locations should be investigated. Recommendations
A) Increase the spatial distribution of locations to be investigated, using identical methods as applied in RECON; B) Include concrete substrate as a variable of influence on species composition; C) Continue the connectivity work using Mytilus edulis by adding in-between locations to the current datasets; D) Develop methods to attain samples from locations beyond diving depth, e.g. by a combination of remote sampling using ROVs and metabarcoding high numbers of samples. 
